Introduction {#s001}
============

I[schemic stroke often]{.smallcaps} results in severe and irreversible central nervous system (CNS) dysfunction. While increasing numbers of stroke patients now benefit from treatments such as neuroendovascular intervention and thrombolytic therapy \[[@B1],[@B2]\], many still suffer from permanent sequela due to the limited time window for these therapies and frequent unsuccessful recanalization.

Stem cell-based therapies have emerged as a promising alternative therapeutic option for patients with ischemic stroke. Among several types of stem cells, neural stem/progenitor cells (NSPCs) are a strong therapeutic candidate because they can differentiate into various neural cell types, including neurons. Accumulating evidence indicates that NSPCs are present not only in the rodent \[[@B3]\] but also in the human CNS \[[@B8]\]. Previous rodent experiments have also demonstrated that many cell types in the healthy mature brain, such as astrocytes in the subventricular zone (SVZ) \[[@B3],[@B4]\], ependymal cells \[[@B7]\], oligodendrocyte precursor cells \[[@B5]\], and resident glia \[[@B11]\], are potential sources of NSPCs.

Although the precise origin of NSPCs under pathological conditions remains unclear, using a mouse model of cerebral infarction, we previously reported that brain pericytes near blood vessels developed multipotent stem cell activity in response to ischemia/hypoxia and differentiated into various neural lineages \[[@B12],[@B13]\]. These results indicate that ischemia-induced multipotent stem cells (iSCs) originating from pericytes (iPCs) function as NSPCs in mice and may contribute to neural regeneration \[[@B12]\].

However, it remains unclear if pericytes can also transition to multipotency in human brain following stroke. Moreover, it is essential to understand the regulation of human iSC proliferation and differentiation for possible applications in stem cell-based stroke therapy. Although our previous study identified nestin^+^ cells presumably containing iSC populations in poststroke human autopsied brains \[[@B15]\], there is still no direct evidence that iSCs are present or induced within the poststroke human brain.

In this study, using brain samples obtained from stroke patients who needed partial lobectomy as well as decompressive craniectomy for diffuse cerebral infarction, we investigated whether iSCs can be isolated from the poststroke human brain. We then examined the localization, gene expression patterns, proliferative potential, and multipotency of human iSCs.

Materials and Methods {#s002}
=====================

Patients {#s003}
--------

The study protocol was reviewed and approved by the Ethics Committee of Hyogo College of Medicine (approval number: 1776). Brain samples were obtained from the poststroke areas in two patients who satisfied the following criteria: (1) requiring both decompressive craniectomy and partial lobectomy for diffuse cerebral infarction, (2) \> 20 years of age, and (3) willing to provide written informed consent. The diagnosis of cerebral infarction was made by neurosurgeons and radiologists according to physical examination and neuroimaging \[eg, brain computed tomography (CT), magnetic resonance imaging (MRI), and magnetic resonance angiography (MRA)\]. Due to ethical considerations, the neurosurgeons involved in diagnosis and surgical treatment of cerebral infarction were not involved in subsequent studies on the identification, isolation, and characterization of iSCs from excised tissue.

Patients with the following conditions/diseases were excluded from the study: (1) presence of a malignant tumor, (2) presence and history of major infectious diseases (infectious disease category 1--5, infection designated by government ordinance, new strains of influenza, and new infectious disease), and (3) patients judged as unsuitable by the attending doctor.

Histological examination and terminal dUTP nick-end labeling of poststroke human brain tissue sections {#s004}
------------------------------------------------------------------------------------------------------

For histochemical analysis, poststroke brain tissue samples were fixed overnight with periodate-lysine-paraformaldehyde (PLP), cryoprotected in 30% sucrose, frozen at −80°C, and cut into 20-μm sections using a cryostat. Sections were then stained with hematoxylin and eosin (H&E), processed for immunohistochemistry, or subjected to terminal dUTP nick-end labeling (TUNEL). TUNEL was performed using an in situ apoptosis detection kit according to the manufacturer\'s instructions (Takara Biomedicals, Kusatsu, Japan), followed by counterstaining with methyl green solution (Wako, Osaka, Japan) as described \[[@B16]\].

Immunohistochemistry {#s005}
--------------------

Brain sections were immunostained with antibodies against Tuj1 (Stemcell Technologies, Vancouver, BC, Canada), microtubule-associated protein 2 (MAP2; Sigma, St. Louis, MO), glial fibrillary acidic protein (GFAP; Millipore, Temecula, CA), S-100β (Abcam, Cambridge, United Kingdom), nestin (Santa Cruz Biotechnology, Dallas, TX), von Willebrand factor (vWF; Santa Cruz Biotechnology), alpha smooth muscle actin (αSMA; LifeSpan Biosciences, Seattle, WA), and neuron-glial antigen 2 (NG2; Millipore). Primary antibodies were visualized using Alexa Fluor 488- or 555-conjugated secondary antibodies (Molecular Probes, Eugene, OR). Nuclei were counterstained with 4′,6-diamino-2-phenylindole (DAPI; Kirkegaard & Perry Laboratories, Gaithersburg, MD). Images were captured using a confocal laser microscope (LSM780; Carl Zeiss, Jena, Germany).

Cell culture and immunocytochemistry {#s006}
------------------------------------

Human ischemic tissue was dissociated into single-cell suspensions by passage through 23- and 27-G needles. For adherent cultures, cells were seeded on 10-cm dishes (Corning, NY) in Dulbecco\'s modified Eagle\'s medium/F12 (DMEM/F12; Invitrogen, Carlsbad, CA) containing basic fibroblast growth factor (bFGF; 20 ng/mL; Peprotech, Rocky Hill, NJ), epidermal growth factor (EGF; 20 ng/mL; Peprotech), 10% fetal bovine serum (FBS), and N2 (1%; Invitrogen). When the cells reached confluence, they were deplated using trypsin, reseeded, and propagated under the same conditions.

Passage 5--10 cells (iSCs) were characterized by immunocytochemistry, reverse transcriptase-polymerase chain reaction (RT-PCR), and fluorescence-activated cell sorting (FACS). Immunocytochemistry was performed using antibodies against Ki67 (BD Pharmingen, San Jose, CA), nestin (Santa Cruz Biotechnology), αSMA (LifeSpan Biosciences), NG2 (Millipore), platelet-derived growth factor receptor beta (PDGFRβ; Santa Cruz Biotechnology), and GFAP (DAKO, Glostrup, Denmark). Bound primary antibodies were visualized using Alexa Fluor 488- or 555-conjugated secondary antibodies (Molecular Probes).

In another set of experiments, iSCs were incubated in a neural-conditioned medium that promoted the formation of neurosphere-like cell clusters \[[@B12],[@B17],[@B18]\]. In brief, iSCs in adherent culture were deplated with trypsin and incubated under floating culture conditions in a medium containing DMEM/F12, bFGF, EGF, 10% FBS, and N2. On day 7 after seeding, cell clusters were picked out and subjected to RT-PCR. On day 14, cell clusters were incubated for 7 days under conditions promoting neuronal differentiation with minor modifications \[[@B12],[@B17],[@B18]\]. The differentiated cells were then subjected to immunolabeling using an antibody against Tuj1 (Stemcell Technologies), followed by visualization using an Alexa Fluor 555-conjugated secondary antibody (Molecular Probes).

Putative iSCs were also cultured in osteogenic, adipogenic, or chondrocytic differentiation medium, respectively, according to the manufacturer\'s protocol (SC 006; R&D systems, Minneapolis, MN) and then subjected to immunocytochemistry using antibodies against osteocalcin (R&D Systems), fatty acid binding protein 4 (FABP4) (R&D Systems), or aggrecan (R&D Systems). In addition, iSCs incubated in an adipogenic differentiation medium were stained with the lipid-specific dye Oil Red O as described \[[@B19],[@B20]\].

Human neural stem/progenitor cells (hNSPCs; Part. No. SCC003; Millipore), human brain-derived endothelial cells (ECs) (hECs; ACBRI-376; Cell Systems, Kirkland, WA), human brain-derived astrocytes (ACs) (hACs; \#1800; ScienCell Research Laboratories, Carlsbad, CA), and human bone marrow-derived mesenchymal stem cells (MSCs) (hMSCs; PT-2501, Lonza, Basil, Switzerland) were maintained in media specified by the supplier. Extracted mRNA samples were used as controls for RT-PCR analyses of iSC or iSC-derived cell expression patterns.

Oxygen--glucose deprivation treatment {#s007}
-------------------------------------

In addition, iSCs were subjected to oxygen--glucose deprivation (OGD) treatment as described previously \[[@B13],[@B20]\]. In brief, iSCs (5 × 10^4^ cells/well) were plated on 12-well dishes (Iwaki, Tokyo, Japan) in a medium containing DMEM/F12, bFGF, EGF, 10% FBS, and N2. One day after plating, the medium was removed and replaced with glucose-free DMEM, FBS (2%), bFGF, and 0.025 μg/mL recombinant human leukemia inhibitory factor (LIF; Millipore). The iSCs were then incubated under hypoxia (1% O~2~) for 3 days using a hypoxia-inducing system (Bionix, SUGIYAMA-GEN, Tokyo, Japan). As a control, iSCs were incubated under normoxia for 3 days in glucose-containing DMEM (DMEM/F12), FBS (2%), bFGF, and 0.025 μg/mL LIF (Millipore).

Cell proliferation {#s008}
------------------

For analysis of iSC proliferative capacity, 2 × 10^4^ cells were plated in three wells of a 12-well plate and counted manually over 7 days. Doubling time was calculated using a formula described previously \[[@B21]\].

Reverse transcriptase-polymerase chain reaction {#s009}
-----------------------------------------------

Total RNA was extracted from iSCs, hNSPCs, hECs, hACs, and hMSCs using an RNeasy Micro Kit (Qiagen, Hilden, Germany). cDNA was amplified according to the manufacturer\'s protocol as previously described \[[@B12],[@B13],[@B17],[@B20]\]. The primer sequences used in this study are listed in [Table 1](#T1){ref-type="table"}.

###### 

[Sequences of Human Primers Used for Reverse Transcriptase-Polymerase Chain Reaction]{.smallcaps}

  *Primers*   *Sequence (5′→3′) (F: forward; R: reverse)*                    *Size*
  ----------- -------------------------------------------------------------- --------
  αSMA        F: GTGTTGCCCCTGAAGAGCAT; R: GCTGGGACATTGAAAGTCTCA              109 bp
  β-actin     F: GTCCTCTCCCAAGTCCACAC; R: GGGAGACCAAAAGCCTTCAT               188 bp
  CD31        F: AACAGTGTTGACATGAAGAGCC; R: TGTAAAACAGCACGTCATCCTT           148 bp
  CDH5        F: AAGCGTGAGTCGCAAGAATG; R: TCTCCAGGTTTTCGCCAGTG               179 bp
  c-myc       F: GCGTCCTGGGAAGGGAGATCCGGAGC; R: TTGAGGGGCATCGTCGCGGGAGGCTG   328 bp
  Flk1        F: GGCCCAATAATCAGAGTGGCA; R: CCAGTGTCATTTCCGATCACTTT           109 bp
  GFAP①       F: AGGTCCATGTGGAGCTTGAC; R: GCCATTGCCTCATACTGCGT               82 bp
  GFAP②       F: GTACCAGGACCTGCTCAAT; R: CAACTATCCTGCTTCTGCTC                321 bp
  Klf4        F: TGATTGTAGTGCTTTCTGGCTGGGCTCC                                397 bp
              R: ACGATCGTGGCCCCGGAAAAGGACC                                    
  MAP2        F: CGAAGCGCCAATGGATTCC; R: TGAACTATCCTTGCAGACACCT              161 bp
  nestin      F: CTGCTACCCTTGAGACACCTG; R: GGGCTCTGATCTCTGCATCTAC            141 bp
  NG2         F: CTTTGACCCTGACTATGTTGGC; R: TGCAGGCGTCCAGAGTAGA              202 bp
  PDGFRβ      F: AGCACCTTCGTTCTGACCTG; R: TATTCTCCCGTGTCTAGCCCA              152 bp
  Slug        F: TGTGACAAGGAATATGTGAGCC; R: TGAGCCCTCAGATTTGACCTG            203 bp
  Sox2        F: TGGACAGTTACGCGCACAT; R: CGAGTAGGACATGCTGTAGGT               215 bp
  Sox9        F: AGCGAACGCACATCAAGAC; R: CTGTAGGCGATCTGTTGGGG                85 bp
  Tuj1        F: AGTGTGAAAACTGCGACTGC; R: ACGACGCTGAAGGTGTTCAT               142 bp

Flow cytometric analysis {#s010}
------------------------

Suspended single iSCs or hMSCs were labeled with antibodies against CD19, CD44, CD45, CD90, CD105, and CD166 according to the manufacturer\'s instructions (R&D Systems; SC017). Cell subpopulations were quantified using a fluorescence-activated cell sorter (FACS; BD LSRFortessa™X-20; BD Pharmingen), as described \[[@B18]\].

Animal studies {#s011}
--------------

All experimental procedures were performed in accordance with a protocol approved by the Animal Care Committee of Hyogo College of Medicine and complied with the Guide for the Care and Use of Animals published by the Ministry of Education, Culture, Sports, Science and Technology in Japan. Six-week-old male CB-17/Icr-+/+Jcl mice (CB-17 mice; Clea Japan, Inc., Tokyo, Japan) were subjected to cerebral ischemia as described previously \[[@B12],[@B17],[@B18]\]. In brief, permanent focal cerebral ischemia was produced by ligation and interruption of the distal portion of the left middle cerebral artery (MCA). Under halothane inhalation, the left MCA was isolated, electrocauterized, and disconnected just distal to its crossing of the olfactory tract (the distal M1 portion). At 36 h after ischemic stroke, mice were anesthetized with sodium pentobarbital and perfused transcardially with 4% paraformaldehyde. The perfused brains were removed, cryoprotected in 30% sucrose, and sectioned on a cryostat. Then, coronal brain sections were prepared and subjected to H&E staining and immunohistochemistry with antibodies against MAP2 (Sigma) and GFAP (DAKO, Glostrup, Denmark).

Results {#s012}
=======

Clinical history of two patients with stroke undergoing decompressive lobectomy {#s013}
-------------------------------------------------------------------------------

The first case (Case 1, [Table 2](#T2){ref-type="table"}) was a 79-year-old female admitted to our hospital complaining of consciousness disturbance and right conjugate deviation. On admission, she had left upper and lower limb hemiparesis and her National Institute of Health Stroke Scale score was 31. Brain CT showed extensive low-density areas in the right internal carotid artery territory ([Fig. 1A](#f1){ref-type="fig"}), while diffusion-weighted MRI showed a large early hyperintensity in the same territory ([Fig. 1B](#f1){ref-type="fig"}). She thus was not a candidate for reperfusion therapy. The day after admission, she exhibited symptoms of cerebral herniation, including respiratory arrest and anisocoria. She received decompressive craniotomy and partial lobectomy 36 h after ischemic onset ([Fig. 1C](#f1){ref-type="fig"}). Postoperative CT showed that the surgery was successful ([Fig. 1D](#f1){ref-type="fig"}).

![Clinical history of the first patient with stroke. CT **(A)** and diffusion-weighted MRI **(B)** of a 79-year-old female stroke patient. Decompressive craniectomy and partial lobectomy were performed for stroke treatment **(C)**. Postoperative CT following the surgery **(D)**. CT, computed tomography; MRI, magnetic resonance imaging.](fig-1){#f1}

###### 

[Clinical Characteristics of Two Stroke Patients Treated by Decompressive Craniectomy and Partial Lobectomy for Diffuse Cerebral Infarction]{.smallcaps}

  *Patients*   *Age*   *Sex*    *Time from onset to surgery*   *Infarcted territory*   *Recanalization therapy*
  ------------ ------- -------- ------------------------------ ----------------------- --------------------------
  Case 1       79      Female   36 h                           Cerebrum                −
  Case 2       81      Female   120 h                          Cerebrum                \+

The second case (Case 2, [Table 2](#T2){ref-type="table"}) was an 81-year-old female admitted to a local hospital where she received endovascular thrombectomy for right middle cerebral artery occlusion. Partial reperfusion (thrombolysis in cerebral infarction scale 2A) was obtained by endovascular thrombectomy. On day 4 after treatment, brain CT showed a large bilateral low-density area and right hemorrhagic transformation. She was transported to our hospital and received decompressive craniotomy and partial lobectomy 5 days after ischemic onset. Postoperative CT revealed that the surgery was successful ([Supplementary Fig. S1A](#SD1){ref-type="supplementary-material"}; Supplementary Data are available online at [www.liebertpub.com/scd](www.liebertpub.com/scd)).

Histological examination of poststroke brain tissue sections {#s014}
------------------------------------------------------------

We first conducted histological analysis of poststroke brain tissue obtained from the first patient. H&E staining revealed numerous pyknotic cell nuclei ([Fig. 2A](#f2){ref-type="fig"}), suggesting widespread apoptosis/necrosis. To confirm this, brain sections were subjected to TUNEL, which revealed many apoptotic/necrotic cells in poststroke areas ([Fig. 2B](#f2){ref-type="fig"}). Alternatively, mature neural cells, including neurons \[Tuj1^+^ ([Fig. 2C](#f2){ref-type="fig"}) and MAP2^+^ cells ([Fig. 2D](#f2){ref-type="fig"})\] and astrocytes \[GFAP^+^ ([Fig. 2E](#f2){ref-type="fig"}) and S100β^+^ cells ([Fig. 2F](#f2){ref-type="fig"})\], were not observed in these regions. These findings indicate that most mature neural cells had already undergone apoptosis/necrosis and died by the time of tissue excision, consistent with histological findings in mice at the same time point following ischemia ([Supplementary Fig. S2A--G](#SD2){ref-type="supplementary-material"}).

![Histological findings of poststroke human brain tissue sections obtained from the first patient. H&E staining of surgically excised tissue revealed cells within the ischemic areas undergoing nuclear pyknotic changes **(A)**. TUNEL staining showing many cells undergoing apoptosis/necrosis **(B)**. Immunohistochemistry showing the absence of healthy mature neural cells, such as neurons \[Tuj1 **(C**: *green***)** and DAPI **(C**: *blue***)**; MAP2 **(D**: *green***)** and DAPI **(D**: *blue***)**\] and astrocytes \[GFAP **(E**: *green***)** and DAPI **(E**: *blue***)**; S100β **(F**: *green***)** and DAPI **(F**: *blue***)**\] within the ischemic area, while nestin^+^ (stem like) cells were observed within these regions \[nestin **(G**: *green***)** and DAPI **(G**: *blue***)**\]. Nestin^+^ cells were observed near vWF^+^ ECs \[nestin **(H**: *green***)**, vWF **(H**: *red***)**, and DAPI **(H**: *blue***)**\]. Nestin^+^ cells expressed the pericytic markers αSMA \[nestin **(I, J**: *green***)**, αSMA **(I, K**: *red***)**, and DAPI **(I--K**: *blue*)\] (*arrows*) and NG2 \[nestin **(L, M**: *green*), NG2 **(L, N**: *red*), and DAPI **(L--N**: *blue*)\] (*arrows*). Scale bars = 50 μm **(A--G)** and 20 μm **(H, I, L)**. αSMA, alpha smooth muscle actin; EC, endothelial cell; H&E, hematoxylin and eosin.](fig-2){#f2}

In mice, we previously demonstrated that even under conditions of permanent ischemia in which mature neural cells did not survive, iSCs developed within postischemic areas \[[@B12],[@B13]\]. Based on these findings, we examined whether iSCs were induced within the poststroke human brain tissue obtained from the first patient. To this end, we investigated the presence of nestin^+^ cells, as we previously showed that mouse iSCs express the NSPC marker nestin \[[@B12],[@B13]\].

Consistent with these findings in mice, nestin^+^ cells were observed within poststroke areas ([Fig. 2G](#f2){ref-type="fig"}). Our previous rodent experiments also suggested that nestin^+^ iSCs are likely derived from iPCs \[[@B12],[@B13],[@B22]\]; so we further investigated whether nestin^+^ cells were localized near blood vessels. Indeed, nestin^+^ cells were found near vWF^+^ endothelial cells (ECs) ([Fig. 2H](#f2){ref-type="fig"}) and coexpressed the pericytic markers αSMA ([Fig. 2I-K](#f2){ref-type="fig"}) and NG2 ([Fig. 2 L-N](#f2){ref-type="fig"}).

Similar histological findings were obtained for the poststroke brain tissue from the second patient ([Supplementary Fig. S1B--H](#SD1){ref-type="supplementary-material"}).

Characterization of human iSCs likely derived from brain pericytes {#s015}
------------------------------------------------------------------

To further describe the properties of these nestin^+^ cells, the poststroke brain tissue obtained from the first patient was dissociated by passage through needles to obtain single-cell suspensions. These dissociated cells were incubated under adherent culture conditions in a medium that promotes the proliferation of iSCs \[[@B12]\]. These adherent cells ([Fig. 3A](#f3){ref-type="fig"}) were proliferative and expressed the nuclear marker of dividing cells Ki67 ([Fig. 3B](#f3){ref-type="fig"}). Immunocytochemical analysis showed that these adherent cells expressed nestin ([Fig. 3C](#f3){ref-type="fig"}) as well as the pericytic markers αSMA ([Fig. 3D--F](#f3){ref-type="fig"}), NG2 ([Fig. 3G--I](#f3){ref-type="fig"}), and PDGFRβ ([Fig. 3J--L](#f3){ref-type="fig"}).

![Isolation and characterization of human iSCs obtained from the first patient. Putative iSCs **(A)** widely expressed the dividing cell marker Ki67 \[Ki67 **(B**: *green***)** and DAPI **(B**: *blue***)**\] and the neural stem cell marker nestin \[nestin **(C**: *green***)** and DAPI **(C**: *blue***)**\]. Immunohistochemical analysis revealed that these nestin^+^ cells also expressed the pericytic markers αSMA \[nestin **(D, E**: *green***)**, αSMA **(D, F**: *red***)**, and DAPI **(D-F**: *blue***)**\], NG2 \[nestin **(G, H**: *green***)**, NG2 **(G, I**: *red***)**, and DAPI **(G--I**: *blue***)**\], and PDGFRβ \[nestin **(J, K**: *green***)**, PDGFRβ **(J, L**: *red***)**, and DAPI **(J--L**: *blue***)**\], but not GFAP \[nestin **(M, N**: *green***)**, GFAP **(M, O**: *red***)**, and DAPI **(M--O**: *blue***)**\]. PCR analysis indicated that putative iSCs did not express astrocytic **(P)** and endothelial lineage markers **(Q)**, but did express pericytic and neural crest lineage markers **(R)**. Under OGD **(S)**, these putative iSCs downregulated pericyte-related genes and upregulated stem/neuroepithelial cell genes, presumably through MET **(T)**. Scale bars = 50 μm **(A)**, 100 μm **(B, C)**, and 20 μm **(D, G, J, M)**. iSC, ischemia-induced multipotent stem cells; MET, mesenchymal--epithelial transition; OGD, oxygen--glucose deprivation.](fig-3){#f3}

To examine the possibility that these nestin^+^ cells are reactive astrocytes \[[@B6]\], adherent cells were coimmunostained with antibodies against nestin and GFAP. However, we found that no nestin^+^ cells coexpressed GFAP ([Fig. 3M--O](#f3){ref-type="fig"}). Consistent with immunocytochemical findings, the *GFAP* mRNA expression was undetectable by RT-PCR analysis using two different primers, although *GFAP* mRNA expression was detected in hACs used as positive control ([Fig. 3P](#f3){ref-type="fig"}). Thus, these nestin^+^ cells are not reactive astrocytes.

Although nestin^+^ cells expressed pericytic markers, it has been reported that nestin is also expressed in vascular lineage cells, including ECs \[[@B23],[@B24]\]. To investigate whether these putative iSCs contain EC populations, RT-PCR was performed. The result showed that these putative iSCs lacked expression of EC-related genes, such as *CD31*, *CDH5*, and *Flk1*, although expression of all these genes was detected in hECs used as a positive control ([Fig. 3Q](#f3){ref-type="fig"}).

Brain pericytes are derived not only from the mesoderm but also from the neural crest \[[@B25]\]; so we next examined whether adherent nestin^+^ cells express neural crest markers. Indeed, PCR analysis revealed expression not only of pericytic markers (*αSMA*, *NG2*, and *PDGFRβ*) but also of neural crest markers (*Slug* and *Sox9*). In contrast, few neuroepithelium-derived hNSPCs used as control expressed these neural crest markers ([Fig. 3R](#f3){ref-type="fig"}). These findings strongly suggest that human candidate iSCs are likely derived from brain pericytes, which are neural crest lineage derivatives, consistent with previous findings in the mouse \[[@B12],[@B13]\].

When subjected to OGD as a model of brain ischemia/hypoxia ([Fig. 3S](#f3){ref-type="fig"}) \[[@B13],[@B20]\], these putative iSCs showed a decreased expression of pericytic markers ([Fig. 3T](#f3){ref-type="fig"}), indicating loss of the original mesenchymal phenotype. Conversely, they exhibited an increased expression of the stem cell marker *Sox2* ([Fig. 3T](#f3){ref-type="fig"}), which is also a hallmark of neuroepithelial cells \[[@B26]\]. These results support our previous findings that mouse brain pericytes can develop stemness under ischemia/hypoxia through mesenchymal--epithelial transition (MET) \[[@B13],[@B20]\].

Similar lineage characteristics were observed in putative iSCs obtained from the second patient ([Supplementary Fig. S3A--Q](#SD3){ref-type="supplementary-material"}).

Human iSCs have multipotent stem cell activity {#s016}
----------------------------------------------

Finally, we investigated whether these human candidate iSCs have a multipotent stem cell activity. Pericytes are reported to share certain traits with MSCs \[27--31; so we first investigated whether adherent cells obtained from the first patient express the MSC markers CD44, CD90, CD105, and CD166. Indeed, subpopulations expressed CD44 (72.8%), CD90 (53.7%), CD105 (90.3%), and CD166 (75.3%), but not CD19 or CD45 ([Fig. 4A](#f4){ref-type="fig"}). Similarly, hMSCs used as a positive control expressed CD44 (99.7%), CD90 (99.0%), CD105 (99.8%), and CD166 (99.5%), but not CD19 or CD45 ([Fig. 4A](#f4){ref-type="fig"}). These findings show that human candidate iSCs and MSCs have similar cell surface marker patterns.

![Multipotent stem cell activity of human iSCs obtained from the first patient. Flow cytometric analysis demonstrated that putative human iSCs expressed multiple MSC markers **(A)**. PCR analysis revealed expression of various marker genes for stem and undifferentiated cells **(B)**. Putative iSCs displayed a high proliferative potential **(C)**. PCR analysis revealed that iSCs maintained expression of stem cell markers even after several passages (P5, passage 5; P10, passage 10) **(D)**. iSCs differentiated into osteocalcin^+^ osteoblasts \[osteocalcin **(E**: *green*) and DAPI **(E**: *blue***)**\] as well as FABP4^+^ \[FABP4 **(F**: *red***)** and DAPI **(F**: *blue***)**\], and Oil *Red*^+^ adipocytes **(G)** and aggrecan^+^ chondrocytes \[aggrecan **(H**: *green***)** and DAPI **(H**: *blue***)**\]. iSCs that formed neurosphere-like cell clusters in suspended culture **(I, J)** expressed neuronal genes **(K)**. Immunohistochemical analysis showed that the cell clusters differentiated into Tuj1^+^ neuronal cells \[Tuj1 **(L**: *red***)** and DAPI **(L**: *red***)**\]. Scale bars = 50 μm **(E--H, J, L)**. MSC, mesenchymal stem cell.](fig-4){#f4}

The neural crest contains multipotent stem cells with features of both neural and mesenchymal cells \[[@B32]\]; so we further compared the traits of adherent nestin^+^ cells to hNSPCs and hMSCs, neural and mesenchymal lineage stem cells, respectively.

Although the NSPC marker *nestin* was observed in both putative iSCs and hNSPCs, hMSCs rarely expressed *nestin*. We next investigated whether putative iSCs expressed other stem and undifferentiated cell markers such as *Sox2*, *c-myc*, and *Klf4*. *Sox2* was expressed in all types of stem cells and was highly expressed in neuroepithelial cell-derived hNSPCs. However, *c-myc* and *Klf4* were not observed in hNSPCs, although both markers were expressed in putative iSCs and hMSCs. Thus, putative human iSCs expressed various stem and undifferentiated cell markers, including *nestin*, *Sox2*, *c-myc*, and *Klf4* ([Fig. 4B](#f4){ref-type="fig"}), consistent with findings in the mouse \[[@B12],[@B13]\].

These human iSC-like cells also exhibited a high proliferation rate as evidenced by a doubling time of 66.7 ± 5.1 h ([Fig. 4C](#f4){ref-type="fig"}), but they maintained expression of stem cell markers ([Fig. 4D](#f4){ref-type="fig"}), strongly suggesting multipotency. To confirm this, adherent putative iSCs were subjected to incubation under osteoblastic, adipogenic, and chondrocytic differentiation conditions. Under these respective conditions, they differentiated into osteocalcin^+^ osteoblasts ([Fig. 4E](#f4){ref-type="fig"}), FABP4^+^ ([Fig. 4F](#f4){ref-type="fig"}) and Oil red^+^ adipocytes ([Fig. 4G](#f4){ref-type="fig"}), and aggrecan^+^ chondrocytes ([Fig. 4H](#f4){ref-type="fig"}).

To investigate whether these multipotent adherent cells can also differentiate along neuronal lineage pathways, harvested cells were maintained in floating cultures under conditions that promote the formation of neurosphere-like cell clusters ([Fig. 4I](#f4){ref-type="fig"}) \[[@B12],[@B18]\]. iSCs formed cell clusters ([Fig. 4J](#f4){ref-type="fig"}) and expressed the neuronal markers *Tuj1* and *MAP2* ([Fig. 4K](#f4){ref-type="fig"}). Immunocytochemistry also showed that they differentiated into Tuj1^+^ neuronal cells ([Fig. 4 L](#f4){ref-type="fig"}). Similar multipotent stem cell activities were confirmed in putative iSCs obtained from the second patient ([Supplementary Fig. S4A--I](#SD4){ref-type="supplementary-material"}). Considered in aggregate, these results indicate that the adherent nestin^+^ cells derived from two human stroke patients are iSCs similar to those described in mice.

Discussion {#s017}
==========

This is the first clinical report showing that iSCs are present within the poststroke human brain. In this study, we found that iSCs with neuronal differentiation potential were present within both the poststroke brain of a patient with permanent ischemia (Case 1) and a patient after ischemia/reperfusion (Case 2). These findings are consistent with results in mouse showing that iSCs can be isolated from poststroke areas after ischemia/reperfusion injury \[[@B22]\] as well as after permanent ischemic injury \[[@B12],[@B18]\]. In addition, we show that iSCs are likely derived from brain pericytes localized near blood vessels, consistent with findings in the mouse \[[@B12],[@B13],[@B22]\].

It is well documented that pericytes have the potential to function as multipotent stem cells \[[@B19],[@B36]\]. However, our previous study of mice at different developmental stages, including embryonic, postnatal, and adult, revealed that stemness of brain pericytes gradually decreased during the postnatal period and was eventually lost in adulthood \[[@B44]\]. This indicates that brain pericytes exist as somatic cells rather than stem cells in the adult brain, although they are likely to retain the traits of stem cells up to the early postnatal period.

Although brain pericytes in adult mice did not have a stem cell activity under normal conditions, we found that they reacquired stemness in response to ischemia, presumably through cellular reprogramming by MET \[[@B13],[@B20]\]. In support of this notion, this study showed that iSCs can be isolated from postischemic regions even in an aged human brain and iSCs further develop stemness through MET under ischemic/hypoxic conditions.

Ethical limitations preclude investigation of whether iSCs can also be isolated from healthy adult human brain tissue. However, our previous studies showed that iSCs only developed within poststroke areas, and no iSCs were isolated from nonischemic areas of the adult mouse brain \[[@B12],[@B13],[@B20]\]. This strongly suggests that iSCs are restricted to postischemic tissue in the adult human brain as well.

Although we do not know if similar multipotent stem cell populations are present in the ischemic tissue of organs other than the CNS (eg, postischemic heart following myocardial infarction), a recent study showed that skeletal muscle cells within injured regions acquired pluripotency through reprogramming, while skeletal muscle cells within the noninjured regions did not \[[@B45]\]. Therefore, although the precise mechanism by which stem cell populations are induced in response to ischemia/injury remains unclear, it is possible that multipotent stem cells are present in the damaged tissue of various organs following insult.

Multipotent pericytes differentiate not only into neuroectoderm (eg, neural cells) but also into mesoderm lineages (eg, adipocytes, osteoblasts, chondrocytes, and vascular cells) \[[@B19],[@B36]\]. In this study, we found that human iSCs likely originating from iPCs differentiated into neural cells, adipocytes, or osteoblasts under appropriate conditions, consistent with the traits of rodent iSCs \[[@B13],[@B20]\].

It remains unclear if iPCs/iSCs contain subpopulations with a higher potential toward specific lineages (neurons, glia, vascular cells, etc.). If so, clinical applications could be greatly facilitated by their isolation. Birbrair and colleagues showed that multipotent pericytes in skeletal muscle are of two subtypes: nestin^+^/NG2^+^ type-2 pericytes that differentiate into neural and vascular lineages and nestin^-^/NG2^+^ type-1 pericytes that form adipogenic progenitors \[[@B19],[@B38],[@B39],[@B43]\]. Furthermore, they showed that nestin^+^/NG2^+^ type-2 pericytes have traits similar to neural progenitors with properties of NG2-glia \[[@B46]\]. The complex lineage relationships among pericytes, neural progenitors, and glia \[[@B27]\] must be elucidated for the selective lineage specifications required to regenerate functional neural tissue.

In this study, we showed that iSCs express similar phenotypic markers as MSCs. In addition, we demonstrated that iSCs have a multidifferentiation potential, also consistent with MSCs \[[@B31],[@B47]\]. It is well-documented that MSCs localize within a perivascular niche in multiple organs, including bone marrow \[[@B31],[@B47]\], and a recent study reported that the adult brain also harbors multipotent MSCs in perivascular regions \[[@B48]\]. It remains unclear whether iSCs and perivascular brain MSCs are identical stem cells. However, it is believed that certain pericytes, in particular those derived from the mesoderm, can produce MSCs \[[@B28]\]. Thus, it may be natural that iSCs, which are likely pericyte derivatives, have traits similar to MSCs.

Although the precise origin of brain pericytes remains unclear, it is reported that forebrain pericytes originate from the neural crest, while pericytes in other brain regions are mesoderm derivatives \[[@B25]\]. In support of this notion, this study showed that human iSCs isolated from frontotemporal regions expressed markers of both the neural crest and pericytes. The neural crest contains multipotent stem cells that possess features of both neural and mesenchymal cells \[[@B32]\], and this study showed that iSCs express markers of NSPCs, such as *nestin* and *Sox2*, in addition to MSC markers. This may explain why iSCs can differentiate into neural lineages as well as nonneural lineages.

Many recent studies have investigated stem cell-based therapies using ectopic multipotent stem cells, such as MSCs, adipose-derived stem cells, and hematopoietic stem cells for various CNS disorders, including ischemic stroke \[[@B18],[@B49],[@B50]\]. This study strongly suggests that iSCs, which share several traits with MSCs, are locally induced in the perivascular regions of the poststroke human brain. Cell-based therapies based on regionally induced multipotent iSCs may be a superior strategy for CNS regeneration following injury, since several studies found that exogenously administered stem cells became trapped inside the lungs following intravenous transplantation and only a small fraction accumulated in injured areas \[[@B18],[@B51]\].

In addition, our previous studies showed that mouse iSCs can contribute to neurogenesis with appropriate support \[[@B14],[@B18]\], although they largely underwent cell death without it \[[@B52],[@B53]\]. This indicates that administration of factors that regulate iSC fate (eg, cell proliferation, differentiation, survival, and migration) could become novel therapies for stroke patients. In this study, we found that human iSCs can rapidly expand in vitro, while maintaining stemness. These findings indicate that isolated human iSCs may be used as autologous stem cells for transplantation in patients following severe stroke.

Many outstanding questions and issues remain to be addressed before iSC-based therapies are feasible. For instance, the optimal period for iSC isolation is unknown. In addition, we need to identify specific factors that can regulate the proliferation, differentiation, and migration of iSCs. We also need to assess whether the phenotypes of iSCs differ depending on the brain region (forebrain vs. other regions). Furthermore, excessive proliferation of iSCs may cause unexpected vascular diseases, such as lipohyalinosis and calcification, in the long term after stroke because our iSCs differentiated into adipocytes and osteoblasts in addition to neuronal lineages. There are still many unknowns regarding human iSCs, but our findings provide the basis for further investigations on a novel iSC-based therapeutic strategy for patients with stroke.

In conclusion, we demonstrated that iSCs are present within the poststroke human brain. Ischemia-induced multipotent stem cells can differentiate into neuronal cells and, thus, could have an important role in CNS repair following ischemic stroke. A more complete understanding of iSC properties and methods for transplantation and/or in vivo regulation could make neural regeneration a reality for stroke patients.
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